Validity of nickel isotope tailoring (NIT) method to be able to generate a large amount of transmutation helium in 9%Cr-2%W reduced activation ferritic (RAF) steel for fusion reactor structural material was investigated and discussed through mechanical properties and microstructural evolution after fission neutron irradiation. Miniature tensile and Charpy impact specimens of RAF steels and 1% nickel added RAF steel were irradiated in the ATR-A1 to evaluate irradiation hardening and shift in ductile-brittle transition temperature (ÁDBTT). The amount of transmutation helium in all the RAF steels with and without nickel addition was calculated as only about 0.6 appm. After irradiation at 621 K, the ÁDBTT for the 1% nickel added steel was similar for the JLF-1. After irradiation at 543 K, however, the ÁDBTT for the 1% nickel added steel was significantly larger than that for the JLF-1. Microstructure observations revealed that irradiation-induced dislocation loops in the 1% nickel added steel were finer and denser than in the RAF steel without nickel addition, suggesting that the nickel addition to the RAF steels directly affected nucleation and growth processes of dislocation loops and enhanced irradiation hardening and embrittlement. Therefore, there is a limit in the NIT method as a simulation method for understanding effects of helium on irradiation embrittlement of RAF steels.
Introduction
Reduced-activation ferritic (RAF) steels are candidates for fusion reactor structural materials in which the concentration of transmutation helium reaches over several thousand appm. In order to understand effects of the transmutation helium on irradiation embrittlement of the RAF steels and other ferritic steels, many efforts have been made by using various simulation methods, such as isotopic tailoring and helium ion implantation, for the helium generation in fusion environment. [1] [2] [3] [4] [5] [6] [7] However, it is very difficult to quantify heliumrelated embrittlement because these methods have shown some controversial results. Especially, Ni-isotope tailoring (NIT) method provided two different interpretations concerning whether a significant embrittlement observed for ferritic steels containing about 390 appm helium after neutron irradiation in the High Flux Isotope Reactor (HFIR) was due to helium or not. 7, 8) Although the NIT method can produce a relatively large amount of helium through the twostep reaction 58 Ni (n, ) 59 Ni (n, ) 56 Fe in nickel-added ferritic steels irradiated in HFIR, it should be noted that even a several percentage of nickel addition to ferritic steels can promote difference in phase formation and stability before irradiation. Furthermore, we pointed out that the irradiation hardening of RAF steel with a nickel addition was much larger than that of RAF steel without nickel addition when the irradiation temperature was relatively low. 9, 10) Thus, effects of nickel in itself on the microstructure evolution and the mechanical properties in RAFSs after irradiation should be evaluate for understanding helium effects on embrittlement when the NIT method are applied. In the present study, therefore, we investigated the effect of a nickel addition on the microstructure evolution and the mechanical properties in RAF steel irradiated in the ATR-A1 with low level of helium generation.
Experimental
The RAF steels used in the present study were JLF-1, Mod.JLF-1/LSM and Mod.JLF-1/LSM/Ni. (The ''LSM'' means low concentration of Si and Mn compared with the JLF-1.) The chemical compositions and the heat treatments of these steels are shown in Table 1 . Mod.JLF-1/LSM/Ni contained 1 weight percentage of natural nickel.
Neutron irradiation was carried out in the two sub-capsules of the ATR-A1, AS4 and AS16, in the Advanced Test Reactor (ATR) at Idaho National Engineering and Environmental Laboratory for 132.9 Effective Full Power Days (EFPDs).
11) Irradiation temperature and displacement damage were estimated for the two sub-capsules as at 543 K to 2.2 dpa and 621 K to 3.4 dpa. These sub-capsules were equipped with gadolinium shields of 1.7 mm in thickness to reduce the thermal neutron flux in order to suppress transmutation effects. The amount of transmutation helium was also suppressed due to the thermal shields. Greenwood et al. calculated the concentration of transmutation helium as 0.6 appm in Mod.JLF-1/LSM/Ni and 0.5 appm in the other RAF steels without nickel addition, respectively. 12) Tensile tests were carried out at 293 K and 543 K at a crosshead speed of 0.2 mm/min for SS-J type sub-sized specimens with a gage length of 5 mm and thickness of 0.25 mm. Charpy impact tests were carried out for 1:5 Â 1:5 Â 20 mm 3 size of miniature Charpy V-notched (CVN) specimens. After the impact tests, fracture surface of the CVN specimens was observed with scanning electron microscopy (SEM). Microstructural observations were carried out with transmission electron microscopy (TEM). Table 2 shows a summary of tensile properties and Charpy Figure 4 shows TEM micrographs of the Mod.JLF-1/LSM and Mod.JLF-1/LSM/Ni irradiated at 543 K up to 2.2 dpa and 621 K up to 3.4 dpa, which are bright-field images taken Figure 5 shows contrast experiments performed under a) g ¼ h011i and b) g ¼ h200i for an area of the Mod.JLF-1/ LSM irradiated at 543 K. Two types of dislocation loops, b ¼ ah100i and b ¼ a=2h111i can be identified from these images. Figure 6 shows the size distributions, which were obtained from Fig. 4 , of the dislocation loop and tiny black dots in the steels irradiated at 543 K and 621 K. After the irradiation at same temperature of 543 K or 621 K, the dislocation loops of the Mod.JLF-1/LSM/Ni were smaller size and higher number density than that of the Mod.JLF-1/ LSM. In addition, the density and size of dislocation loops in both the steels irradiated at 543 K were higher and smaller than those irradiated at 621 K, respectively.
Results

Mechanical properties
Microstructures
y (MPa) Á y (MPa) DBTT (K) ÁDBTT (K) USE (J) No. Density (10 21 /m 3 ) Diameter (nm) Á y (cal.) (MPa) JLF-1 - unirradiated - - - 166 - 0.95 - -
Discussion
Effect of nickel addition on mechanical properties after irradiation
We previously concluded that nickel in itself contributed to the irradiation hardening when the Mod.JLF-1/LSM/Ni were irradiated in Japan Material Testing Reactor (JMTR) at a temperature lower than 443 K up to a displacement dose even less than 0.15 dpa. 9) Results from the present study support and extend that previous conclusion. Although nickel addition to RAF steel exactly enhanced the irradiation hardening and embrittlement when the irradiation temperature was 543 K, the hardening and embrittlement cannot be attributed to transmutation helium because of the low helium concentration 0.6 appm. Figure 7 shows a summary of dose dependence of irradiation hardening of RAF steels irradiated at various temperatures in the ATR-A1, JMTR, 10,13) HFIR 2) and FFTF/MOTA. 14) The dose exponents for irradiation 
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hardening in the equation Á y $ðdpaÞ n were measured and summarized as follows: 1) n ¼ 1=4 for the RAF steels without a nickel addition when the irradiation temperature was below about 623 K, 2) n ¼ 1=2 for Mod.JLF-1/LSM/Ni irradiated at 353 K in JMTR. It should be noticed that the embrittlement of the nickel-added steel irradiated at higher irradiation temperatures in both the ATR and JMTR was not enhanced compared to not added steel. The irradiation temperature dependence of mechanical property of the nickel-added steel is in good agreement with that of isotopia) g=200 50nm b) g=011 
15)
Note that sufficient dose to enhance the irradiation embrittlement by nickel addition was only less than 0.15 dpa in the JMTR. When the NIT method is applied, therefore, irradiation temperature should be precisely controlled during reactor operation. Especially during reactor shutdown, irradiation temperature should be kept at a desired temperature with electric heater, as applied in the JMTR. 16) The previous confused interpretations for helium embrittlement obtained from NIT method are considered due to unexpected lower irradiation temperature during operation.
Relation between microstructural evolution and
mechanical properties It is considered that irradiation hardening is due to displacement damage structures, such as interstitial loops, microvoids and irradiation-induced precipitates. While Gelles et al. could observe nickel addition promoted precipitation in the Fe-12%Cr-1.5%Ni, 15) we could not confirm such precipitations but formation of finer dislocation loops and black dots as shown in Fig. 4 .
Hardening due to the irradiation-induced defects acting as obstacles against dislocation motion has been explained by applying the Orowan model, 17) which gives irradiation hardening as a function of the defect number density N and the defect diameter d as the following equation,
where b is the magnitude of the dislocation Burgers vector and G is the shear modulus. The coefficient is the barrier strength of an obstacle that is determined by the critical angle between adjacent dislocation segments. Table 2 shows the Á y measured by tensile tests and calculated by applying eq. (1) to the results from In the previous study, 9) positron annihilation lifetime spectrometry, which was performed for the same RAF steel, revealed a presence of microvoids after an irradiation at 493 K up to 0.15 dpa in JMTR. By applying trapping model to the results, the diameter and number density of microvoids in both the Mod.JLF-1/LSM and Mod.JLF-1/LSM/Ni were estimated as 1.4 nm and 1 Â 10 21 /m 2 , so that the fraction of hardening due to microvoids was only about 10% of total hardening when the eq. (1) was applied as ¼ 0:2 for microvoids. Therefore microvoids would not be mainly responsible for the invisible hardening factor in Mod.JLF-1/ LSM/Ni.
There is no direct information of the invisible hardening factor in Mod.JLF-1/LSM/Ni. However, post-irradiation annealing recovery behavior of irradiation hardening investigated in the previous work suggested that irradiation induced ''nickel-related phase'' would be produced and be stable only at relatively low temperature less than about 543 K. 10) Further investigation is needed for the invisible factor.
The above complex effect of nickel addition on microstructural evolution and mechanical properties of RAF steel can be discussed considering the nature of freely migrating defects associated with nucleation and growth of interstitial loops. Yoshida et al. investigated effects of 1% nickel addition to Fe-10%Cr model alloy on formation and growth process of dislocation loops by using high voltage electron microscopy. 18) They confirmed that enrichment of nickel atoms occurred near interstitial loops, indicating the formation of Ni-Fe mixed-dumbbells. Formation of such mixeddumbbells may suppress the effective mobility of freely migrating SIAs, resulting in an enhancement of the nucleation of interstitial loops, hence the enhancement of irradiation hardening. Faulkner et al. also observed enrichment of nickel near lath-boundary in FV448 commercial steel (Fe-11%Cr-0.64%Ni) after fast reactor irradiation to doses of 46 dpa at 778 K. 19) These effects of nickel addition on microstructural evolution in the RAF steels might lead to promote nickel-related precipitation as reported by Gelles.
Conclusion
Effects of nickel addition to 9Cr-2W RAF steel on mechanical properties and microstructural evolution after neutron irradiation in the ATR-A1 were investigated by means of tensile tests, Charpy impact tests and TEM observations. The main results and conclusions were as follows:
(1) The amount of transmutation helium in the Mod.JLF-1/ LSM/Ni steel containing 1% Ni, was calculated as only 0.6 appm, which was almost the same amount as in the JLF-1 and Mod.JLF-1/LSM without a nickel addition. The JLF-1 and Mod.JLF-1/LSM/Ni showed similar ÁDBTTs after irradiation at 621 K, but after irradiation at 543 K, the ÁDBTT and Á y for the Mod.JLF-1/ LSM/Ni were much larger than for the JLF-1. These results indicate that the nickel addition in itself enhanced irradiation hardening and embrittlement in the NIT method. (2) Microstructure observations revealed that irradiationinduced dislocation loops and tiny black dots in the Mod.JLF-1/LSM/Ni were finer and higher number density than in the Mod.JLF-1/LSM. It indicates that nickel directly affected nucleation and growth processes of dislocation loops, which would be one of the main factors of irradiation hardening and embrittlement, especially for low temperature irradiation. (3) Because nickel in it self affects microstructural evolution and irradiation hardening in nickel added steel as concluded above, the NIT method should be carefully applied for investigation of helium embrittlement.
